Abstract: This work is a continuation of research on a correlation between the molecular structure and electronic charge distribution of phenolic compounds and their biological activity. The influence of lithium, sodium, potassium, rubidium and cesium cations on the electronic system of trans o-coumaric (2-hydroxy-cinnamic) acid was studied. We investigated the relationship between the molecular structure of the tested compounds and their antimicrobial activity. Complementary molecular spectroscopic techniques such as infrared (FT-IR), Raman (FT-Raman), ultraviolet-visible (UV-VIS) and nuclear magnetic resonance ( 1 H-and 13 C-NMR) were applied. Structures of the molecules were optimized and their structural characteristics were calculated by the density functional theory (DFT) using the B3LYP method with 6-311++G** as a basis set. Geometric and magnetic aromaticity indices, atomic charges, dipole moments and energies were also calculated. Theoretical parameters were compared to the experimental characteristics of investigated compounds. Correlations between certain vibrational bands and some metal parameters, such as electronegativity, ionization energy, atomic and ionic radius, were found. The microbial activity of studied compounds was tested against Escherichia coli, Bacillus subtilis, Pseudomonas aeruginosa, Staphylococcus aureus, Proteus vulgaris and Candida albicans.
Introduction
Phenolic acids (PAs) have varied biological activity in the human body. They help to scavenge free radicals, chelate metal ions, induce changes in enzyme activity and protein availability. It was also confirmed that PAs prevent coronary heart disease, cancer, inflammation and diabetes. Hydroxycinnamic acid and its derivatives (e.g., coumaric, caffeic, ferulic and sinapic acids) are important pharmaceuticals for high blood pressure, stroke prevention and possess antitumor activity [1] [2] [3] .
There are three isomers of coumaric acid, i.e. o-, m-and p-coumaric acid, that differ in the position of the hydroxyl group substitution on the phenyl group. In Nature the most widespread is the para-isomer [4] . Coumaric acids can be found in cereals (barley, rye, corn, oats, rice, wheat), fruits (berries, grapes, apples, currants), legumes (beans, peas), nuts (hazelnut, pecan, peanut, walnut), vegetables (celery, tomato, garlic, carotene), oilseeds (flax, mustard), red wine, beer and tea [3, 5, 6] .
Phenolic acids are responsible for the sour and bitter taste of some food products of plant origin. It was found that the characteristic flavor of products made from flour obtained from maize embryos is the result of the presence of certain PAs, namely: ferulic and o-and p-coumaric acids [7] . Coumaric acid shows lower antioxidant activity than ferulic acid. This is related to the presence of only one hydroxyl group in coumaric acid. In order to increase the antioxidant activity compared to the low-density lipoprotein (LDL) fraction it should be subjected to esterification with tartaric acid. Several papers report on the antioxidative properties of coumaric acids [8, 9] . Moreover, cinnamic acid and its derivatives: p-coumaric, ferulic and sinapic acid, are important copolymer building blocks of lignin [10] .
Cinnamic acid is a precursor for lignin biosynthesis, being transformed into 4-coumaric acid (4-hydroxycinnamic acid), ferulic acid (4-hydroxy-3-methoxycinnamic acid), and sinapic acid (4-hydroxy-3,5-dimethoxycinnamic acid) before its incorporation into a lignin polymer.
Pannala et al. [11] showed that hydroxycinnamates can interact with peroxynitrite depending on the nature of the ring substitutions and the positions of the hydroxyl groups. Studies on the potency of PAs to inhibit tyrosine nitration by peroxynitrite demonstrated that PAs' activity decreases in the order: caffeic acid→chlorogenic acid→ferulic acid→p-coumaric acid→o-coumaric acid→m-coumaric acid. p-Coumaric acid inhibits LDL peroxidation, is shown to be antimutagenic, antigenotoxic, and antimicrobial, inhibits cellular melanogenesis, plays a role in immune regulation in humans and reduces the risk of stomach cancer [8] . This acid is an instance of the PAs commonly used as additives in chemical, food, health, cosmetic and pharmaceutical industries.
In our earlier works, the influence of various metals and halogens on the electronic structure of the benzoic, salicylic, nicotinic and isonicotinic acids were studied [12] [13] [14] [15] . Those ligands were treated as models to study enzymes and other biologically important molecules. We studied the relationship between certain parameters (i.e., ionic potential, electronegativity, atomic mass of the metal or ring substituent) and electronic charge distribution in the whole molecule. In case of those ligands the decrease in the ionic potential of the metal brings about the decrease in the uniform charge distribution in the aromatic ring. In the case of halogens, the ionic potential was even more important than the polarity of the C-X bond. The question arises then if the same or other parameters influence the electronic charge distribution in the case of alkali metal o-coumarates.
The second aim of this work is to continue earlier research [16] [17] [18] [19] on a correlation between the molecular structure and electronic charge distribution of phenolic compounds and their biological activity. In one of our papers [20] the influence of lithium, sodium, potassium, rubidium and cesium on the electronic system of the p-coumaric (4-hydroxycinnamic) acid was investigated. Experimental and theoretical FT-IR, FT-Raman, 1 H-and 13 C-NMR spectra of p-coumaric acid and its salts were registered and analyzed.
In the present paper another isomer trans o-coumaric acid and its lithium, sodium, potassium, rubidium and cesium complexes were synthesized and studied by spectroscopic methods (FT-IR, FT-Raman, UV-VIS, 1 H-and 13 C-NMR). A logical series of metals was selected, (different radius but the same degree of oxidation). The alkali metals taken to this study meet the following criteria (which are important from the point of view of further possible applications): (1) possibility of practical application because of the good solubility of the alkali metal compounds in water and polar solvents; (2) as small as possible harmfulness to the human body and the natural environment; (3) availability, stability and ease of preparation.
UV-VIS spectroscopy was applied to study/establish the changes in π→π* transition energies and draw conclusions on delocalization energy changes. The antimicrobial activity of the studied compounds was tested against Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, Proteus vulgaris, Bacillus subtilis and, Candida albicans, which allowed us to draw some correlations between physicochemical parameters and microbial properties of trans o-coumaric acid and alkali metal o-coumarates. Elementary analysis for all synthesized complexes was performed in order to confirm the chemical composition of the tested compounds. The theoretically predicted values were compared with the experimentally measured data and the results were also discussed. Optimized geometrical structures, atomic charges, infrared and NMR spectra of trans o-coumaric acid and Li, Na and K trans o-coumarates were calculated by the B3LYP/6-311++G** method.
Results and Discussion

Calculated Geometrical Structure
Optimized geometrical structures were calculated using B3LYP/6-311++G** quantum chemical method [21] . The distances between atoms in trans o-coumaric acid and alkali metal o-coumarate molecules and the angles between bonds were calculated and the values are presented in Table 1 . The atom numbering is shown in Figure 1 . Changes in the bond distances and angles between bonds suggest that alkali metal cations influence the molecular structure of trans o-coumaric acid. The bond lengths of C1-C9, C7-C8, C7-O1 and C7-O2 do not change in the series of salts, although they are different from the corresponding values calculated for the 2-hydroxycinnamic acid molecule. Large differences between bonds are also noticed for C7-O2 (it increases by: 0.065 Å (Li); 0.056 Å (Na); 0.058 Å (K)). A slightly lower extension of the C7-C8 bond between carbon atoms of the carboxylic acid and C1-C9 is observed. The bond lengths of C7-O1 in the acid is higher than in the salts (0.006-0.014 Å). The values of the bond lengths in aromatic ring are almost the same in acid and salts. In the case of angles, the increase in the order: acid < Li < Na < K was observed for C1-C2-C3 angles in the aromatic ring. The highest changes were noticed for the carboxylate group, as the C7-O1-H1(M) angle decreases by 23.948° (Li); 16.930° (Na); 15.399° (K). C8-C7-O1 angle increases by 7.150° (Li); 5.405° (Na); 5.372° (K), while the C8-C7-O2 angle decreases by 5.928° (Li); 7.257° (Na); 7.487° (K). In the aromatic ring only small angle changes were observed.
Dipole moments, energies and geometric aromaticity indices [23, 24] for trans o-coumaric acid and o-coumarates were calculated and are presented in Table 2 . Comparing values of dipole moment for molecules of lithium, sodium and potassium salts of 2-hydroxycinnamic acid an increasing tendency can be seen along the series: Li (1.909 D) < H (5.046 D) < Na (5.488 D) < K (6.155 D). The energy values decrease in the series: H→Li→K→Na. The obtained results show that the degree of ionic bonding increases from H to K atom, because of an increase in symmetrization of the carboxylate ion and in the aromaticity of the molecule. [25] show that the aromaticity of these compounds increases in the series: trans o-coumaric acid→p-coumaric acid→cinnamic acid (except BAC).
Mulliken, APT (atomic polar tensor) and NBO (natural bond orbital) atomic charges on the atoms of 2-hydroxycinnamic acid molecule and its alkali metal salts are gathered in Table 3 . The electron density increases around atoms C1 and C8 and at the same time decreases around atoms C2, C4, C6 and C9 in the following order: K o-coumarate > Na o-coumarate > Li o-coumarate > trans o-coumaric acid, according to APT and NBO calculations. The highest changes of total charge independently on the method used were observed on carboxylate anion (Figure 2 ).The theoretical wavenumbers of IR, Raman and chemical shifts in NMR spectra were obtained and compared with experimental spectra. 
NMR Spectra
Experimental and calculated (B3LYP/6-311++G**) data for the chemical shifts in Table 4 . The numbering of atoms is shown in Figure 1 In the proton spectra of o-coumarates the signals from almost all protons are shifted downfield in comparison to appropriate signals in the spectrum of trans o-coumaric acid (except H3 and H7). This tendency suggests that introduction of metal cations causes the decrease in ring current intensity. Moreover the general tendency can be observed in the decrease of chemical shifts of particular protons in the series: Li→Na→K→Rb→Cs.
This order depicts the increase in the destabilization of the electronic system. In the carbon spectra of o-coumarates there is almost no regularity in the chemical shifts of carbons along the series of alkali metal o-coumarates. Only the values of chemical shifts of C5 and C6 atoms regularly increase in the series: acid→Li→Na→K→Rb→Cs.
Chemical shift values of signals for trans o-coumaric acid were compared with those for p-coumaric acid [20] and cinnamic acid [25] , and presented in Figure 6 The relationship between calculated atomic charges spectra and experimental chemical shifts from the carbon for trans o-coumaric acid and o-coumarates was found and can be seen in Figure 7 . Namely, the increase of the atomic charge along with the increase of the chemical shift is observed. 
Vibrational Spectra
The IR spectra of trans o-coumaric acid and lithium, sodium, potassium, rubidium and cesium o-coumarates are presented in Figure 8 . The wavenumbers, intensities and assignments of bands occurring in the FT-IR and FT-Raman spectra of trans o-coumaric acid and the synthesized lithium, sodium, potassium, rubidium and cesium o-coumarates are presented in Tables 5 and 6 . Theoretical wavenumbers of the bands in vibrational spectra and also band intensities were obtained using B3LYP/6-311++G** method. The numeration of the normal vibrations of benzene ring was done according to the notation used by Varsányi [26] . A good correlation between experimental and theoretical wavenumbers in the IR spectra of trans o-coumaric acid as well as its salts were obtained; the correlation coefficients R for acid equal 0.9972; the corresponding value for lithium salt is 0.9976; for sodium salt −0.9975 and for potassium salt 0.9973.
While comparing the spectra obtained for alkali metal o-coumarates with that obtained for acid, there can be observed a disappearance of bands characteristic for stretching vibrations of carboxyl group νOH: 2847 cm The symbol "ν" denotes stretching vibrations. "β" denotes in-plane bending modes. "γ" designates out-of-plane bending modes; "φ(CCC)" denotes the aromatic ring out-of-plane bending modes; "α(CCC)" designates the aromatic ring in-plane bending modes. These band are sensitive to the type of metal coordination and degree of complex hydration. βasCOO ). Correlations between the chosen wavenumbers of vibrational bands in the IR spectra of o-coumarates and some alkali metal parameters, such as electronegativity, atomic and ionic radii, affinity, energy of ionization and ionic potential were analyzed. The best correlation was obtained for ionic radius (R = 0.9888) and ionization energy (R = 0.9687) for deformation band of carboxylate group (βasCOO − ). The analysis of these data shows that the ionic radius and ionization energy are the most important metal parameters in view of influence of the metal on the vibration structure of o-coumarates.
In the spectra of trans o-coumaric acid and its metal salts bands from the hydroxyl group attached to the aromatic ring are present: (1) in the spectrum of the acid: νOHar 3356 cm (theoret.) are assigned to out-of-plane bending vibrations γCH. The wavenumbers of aromatic bands numbered as 20a, 20b, 7b, 19a, 9a, 5, 6b, 16a and 16b decrease in comparison to free acid, while the wavenumbers of 8b and 3 bands in the spectra increase.
UV Spectra
The UV spectra of trans o-coumaric acid and lithium, sodium, potassium, rubidium and cesium o-coumarates were recorded. The maxima of π→π* bands for trans o-coumaric acid were located at 210, 272, and 314 nm. In the UV spectra of o-coumarates the bands were shifted toward lower wavelengths, with the maxima at 210, 268, 312 nm respectively, similarly for all the salts. The noted hypsochromic shifts indicate a decrease in the delocalization energy and therefore, a perturbation effect of alkali metals on the electronic system of ligand.
Microbial Activity
Evaluation of the antimicrobial activity of trans o-coumaric acid and lithium, sodium, potassium, rubidium and cesium o-coumarates was measured as a degree of growth inhibition or stimulation in individual bacteria or fungi cultures, in relation to the control (non-treated) sample and depicted as a percent of control. The average values given in Figure 9 were calculated from the data obtained in the four experiments taken for each preparation and strain. The results obtained after 24 and 48 h of incubation are shown in Figure 9 . The correlation between the physicochemical parameters and microbial properties of trans o-coumaric acid and alkali metal o-coumarates was examined. On the basis of the spectroscopic data: the values of wavenumbers of infrared spectra of the compounds and the parameters describing their antimicrobial activity the principal component analysis (PCA) was performed. This method is most commonly used for multivariate exploratory analysis of experimental data. Analysis was made on the basis of the factor loadings values being correlation coefficients describing the correlation between the antimicrobial properties of the compounds and the wavenumbers of selected bands in FT-IR spectra. Based on the screen chart, two main components were selected to data analysis. To investigate which of the bands described by the wavenumbers, are strongly positively or negatively correlated with the microbiological data, the projection weights on the plane defined by pairs of main factors was made. Correlations are determined by the angle between the two weight vectors, which initial point and the ends are defined by respective weight values. The relationship between the input variables and the main components is presented as a graph of configuration of points representing the variables in the system of the first two principal components (Figures 10 and 11) . The coordinates of these points are corresponding coefficients of variables, in this case, the wavenumbers of selected bands in the FT-IR spectra. The more given variable is closer to the edge of the wheel, the better is its representation of the main components defining the coordinate system, i.e., the greater part of the information contained in the variable is carried by the main components. Analysis of the data leads to the conclusion that the most statistically significant correlation was demonstrated between the degree of inhibition of bacterial growth: Proteus vulgaris (PV) and Staphylococcus aureus (SA) and the wavenumbers of the following bands in the spectra of the studied compounds: positive: 20b, βas(COO − ) and negative: 8b, both after 24 and 48 h of incubation. It shows that the FT-IR spectra can be a good source of data for the quantitative analysis of the relationship between the molecular structure of the compound and its biological activity. This finding strongly points to the fact, that the analysis of the physicochemical structures can bring significant prerequisites on the biological activity of compounds. The presented method and analysis can be found useful in design of the syntheses of microbial active analogues.
Experimental Section
General Information
Trans o-coumaric acid was purchased from Sigma-Aldrich (Saint Louis, MO, USA) with a stated purity 97% and was used as such without further purification. Lithium, sodium, potassium, rubidium and cesium o-coumarates were prepared by dissolving trans o-coumaric acid powder in a water solution of the appropriate alkali metal hydroxide in a stoichiometric ratio of 1:1. The mixed solution was slowly condensed at 70 °C, then,the solvent was removed by drying at 105 °C. The obtained salts were anhydrous, as indicated by a lack of bands characteristic of crystallization water in the corresponding FT-IR spectra.
Spectroscopic Methods
The FT-IR spectra were recorded with an Equinox 55 FT-IR spectrometer Bruker, (Billerica, MA, USA) within the range of 4000-400 cm 
Quantum-Mechanical Calculations
Calculations of optimized geometrical structures of trans o-coumaric acid and its alkali metal salts were performed using the GAUSSIAN 09 package of programs [21] running on a PC computer.
Chemical shift changes of were also noted in the proton and carbon NMR spectra. The chemical shifts of all protons decreased in the series Li→Na→K→Rb→Cs and the chemical shifts of carbon no. 5 and 6 increased in the same series. The highest correlation coefficients were obtained between the experimental data and the theoretical ones calculated by the NBO and APT methods.
The intensity and wavenumbers in the case of bands No. 20a, 20b, 7b, 19a, 9a, 5, 6b, 16a and 16b decrease in comparison to the free acid, which points to a perturbation in the electron charge distribution of the ligand. Ionic radius and ionization energy are the most important metal parameters in view of the influence of the metal on the vibration structure of o-coumarates. In the case of benzoates and o-coumarates the ΔνCOO− values increase in the series: lithium→sodium→potassium→rubidium→cesium (in FT-IR and FT-Raman spectra). In the case of salicylates and p-coumarates these values scatter [27] . The increase in the value of ΔνCOO− means the increase in the ionic character of metal-oxygen bond. In addition, the value of ΔνCOO− for p-coumaric acid was higher than o-coumaric acid (in FT-IR, FT-Raman and theoretical spectra). In the UV-VIS spectra of the studied compounds, the hipsochromic shifts indicate that the alkali metal cations perturb the electronic system of the molecule.
After 24 and 48 h of incubation, trans o-coumaric completely inhibited growth of the bacteria: Bacillus subtilis, Proteus vulgaris and Staphylococcus aureus. Based on the principal component analysis, it was found that the most statistically significant correlations exist between the degree of inhibition of bacterial growth Proteus vulgaris and Staphylococcus aureus and the wavenumbers of 20b, βas(COO − ) and 8b bands in the spectra of studied compounds. The electronic properties of substituent have a significant effect on the degree of ionization and the polarity of chemical compounds, which influences their ability to penetrate cell membranes and the strength of binding to receptors. Therefore it is very important to be able to measure the electronic parameters of molecules and connect them with the corresponding biological properties. In addition to the physicochemical parameters (dipole moments, hydrogen bonding, conformation and distances between the atoms) discussed above, there are others which also play a role in molecular modeling. The use of these parameters is limited, because of the difficulty in measuring them. However, the biological activity of most compounds is a result of many physicochemical parameters.
